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ABSTRACT
This research reports a reproducible, reliable, and efficient method for preparing palladium nanoparticles dispersed on a composite of
Fe3O4 and graphene as an active catalyst with high efficiency for being used in Suzuki cross – coupling reactions. Graphene supported
Pd/Fe3O4 nanoparticles (Pd/Fe3O4/G) exhibit a remarkable catalytic performance towards Suzuki coupling reactions. Moreover, the
prepared catalyst recyclability was up to nine times without losing its high catalytic activity. The catalyst was prepared using
hydrothermal synthesis; the prepared catalyst is magnetic in order to facilitate catalyst separation out of the reaction medium after
reaction completion simply through using a strong magnet. This approach offers unique advantages including recyclability, mild
reaction conditions, and reproducibility. Furthermore, the magnetic properties of the prepared catalyst made a huge enhancement to the
ability to purify the reaction products from catalyst and other side products. The high catalytic performance and recyclability of the
prepared catalyst are due to the strong interaction between the catalyst and the support. Moreover, the reduced GO nanosheets have
defect sites acting as nucleation centers to anchor the Pd and Fe3O4 nanoparticles and hence minimize the harmful effect of potential
agglomeration and subsequently the anticipated decrease in the catalyst catalytic activity as a direct impact for this unfavorable
agglomeration.
Keywords: Graphene, Cross-Coupling, Magnetite (Fe3O4), Hydrothermal synthesis, Catalyst recycling.

1. INTRODUCTION
The application of palladium as a transition metal in
combination with metal nanoparticles have been attracted so many
research efforts to design a new advanced catalytic systems with
amazing unique hybrid properties of single metal atoms and bulk
metal [1-4]. The main issues in the catalysis field that are
associated with environment, economy, catalytic activity,
recyclability, reproducibility and scale-up technical problems have
been extensively studied during the past few decades [5, 6]. Those
previously mentioned drawbacks in the catalysis field were under
scientific investigation and huge efforts have been made in the
field of research and development to overcome those issues
[7-14]. The improvement of those issues took place through
several routes including not only introduction of bottom-up
approaches, applying strict control of particle size and overall
particle size distribution in order to achieve new chemical and
physical properties, improvements made in the synthesis protocols
and methodologies, but also using different carbon-based supports
like graphene and carbon nanotubes [15-25]. The materials at the
nanoscale show distinctive properties and remarkable synergistic
effects as a result of a combination of several nanostructured
materials [23-28]. They simply could be used as heterogeneous
catalysts with notably recognized enhancement from the
perspective of shape, size, reaction active sites,the structure of the
surface, catalytic activity and selectivity [29-31].

Recently, new strategies had been adopted for the synthesis of
magnetic nanoparticles. The synthetic approaches can simply
include several techniques like co-precipitation, thermal
decomposition, micro-emulsion, microwave-assisted synthesis,
and hydrothermal synthesis [15, 16, 19-21]. The development
efforts also include using of high surface area support like
graphene which is currently considered due to its huge surface
area, remarkable thermal, chemical, and mechanical stability
[7-14]. The main advantage of using graphene as an ideal support
is that the structural defects in its lattice can be used simply to
anchor metallic nanoparticles to the surface of the graphene
producing new surface functionalities of a tunable metal-support
interaction.[32-39] Recently, it was found that the superparamagnetic behavior of magnetite nanoparticles enabled them
from being ideal candidate for potential applications in physical,
biological, chemical, biomedical, and environmental engineering
fields as well as such industrially important reactions including
Suzuki-Miyaura, Heck, Sonogashira cross-coupling reactions,
hydrogenation, and hydroformylation [24, 32, 35, 38, 39-48].
In this scientific research, our efforts were mainly focused on the
design of a facile hydrothermal synthesis approach to prepare PdFe3O4/G nanocomposite with an excellent catalytic activity and
recyclability for up to nine times towards Suzuki cross coupling
reactions. The main advantage of using magnetite as magnetic
nanoparticles (MNPs) is that they offer the platform of a facile
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route to separate the catalyst after reaction completion through

using a strong magnet as an external magnetic field.

2. MATERIALS AND METHODS
Chemicals were used as received without any modification
or further steps of purification. Palladium acetyl acetonate, and
ferric acetyl acetonate, DMSO, aryl bromide, bromobenzene, and
potassium carbonate were purchased from Alfa Aesar. Graphite
powder with high purity was obtained from Sigma Aldrich.
2.1 Catalyst Synthesis
2.1.1 Synthesis of Graphene Oxide (GO). Hummers - Offeman
method was used in order to prepare graphene oxide (GO). The
oxidation of graphite powder of high-purity took place with a
mixture of H2SO4 and KMnO4. Graphite powder (4.5 g) and
sodium nitrate (2.5 g) were mixed and the prepared mixture was
kept in a conical flask equipped with ice bath.
Continuous stirring was maintained and a concentrated solution of
H2SO4 (115 ml) was added slowly. Then, potassium permanganate
(15 g) was also added within 2.5 h. Then, deionized water (230
ml) was added and the mixture was maintained at a constant
deionized water (600 mL) along with (10%) H2O2 (30 mL) were
also added. The entire solution was stirred for an another 5 min.
Finally, the yellow-brownish cake was then washed for several
times using 1M HCl (30 mL) followed by hot deionized water (3
L) and the resulting GO solid was dried under vacuum at 60 °C
overnight [40-43].
2.1.2 Hydrothermal synthesis of Graphene supported Pd/Fe3O4. In
the typical synthetic procedure, 126 mg of ferric acetyl acetonate
were dissolved in 30 ml benzyl ether; then the entire mixture was
added to a conical flask equipped with a magnetic stirrer. Then, 28
mg palladium acetyl acetonate was added to the previously
mentioned solution under stirring conditions. Then, 3.5 ml
GO/DMSO were added to the mixture. Hence, a mixture of
olylamine and oleic acid (25 ml each) used as ligating solvents in
order to stabilize the nanocrystals through applying passivation to
the surfaces was added during stirring for 2 h till a homogeneous
solution is formed. The mixture was maintained in an oil bath and

stirring hot plate was used for performing continuous stirring at
110 °C. Stirring continues until obtaining a clear solution. Finally,
the entire prepared mixture was used as the starting solution for
the hydrothermal synthesis of Pd-Fe3O4/G. The stainless steel
autoclave with the starting solution was completely sealed and
maintained at 130 °C for 5 h in an electric oven. After the
hydrothermal treatment, the autoclave was cooled down to room
temperature. The obtained nanoparticles were washed with
deionized water and the solution was added to centrifuge tubes
and centrifugation took place at a rate of 11000 r.p.m for 30 min.
and then the solution was washed several times with ethanol and
then decanted. The prepared Pd/Fe3O4 supported on Graphene was
then dried overnight under vacuum at 60 °C.
2.2 Catalyst Characterization.
An electron microscope (JEOL JEM-1230) was used to obtain
TEM images. X-ray photoelectron spectroscopy (XPS) was used
to perform the surface analysis. The X-ray diffraction patterns
were measured using an analytical X-ray diffraction unit.
2.3 General procedure of Suzuki cross-coupling reactions
using graphene supported Pd/ Fe3O4 catalyst.
4 mL H2O: EtOH (1:1) was used to dissolve (0.24 mmol, 1 eq.),
then aryl bromide was added. Aryl boronic acid (0.3 mmol, 1.2
eq.) and potassium carbonate (1.53 mmol, 3 eq.) were also added
and hence, 3.5 g graphene supported palladium/iron oxide catalyst
(Pd-Fe3O4/G was also added and the reaction mixture was then
heated using CEM Discover microwave (250 W, 2.45 MHz) at 80
°C for 10 min. The reaction conversion was measured using GCMS. The catalyst recycling procedure is implemented immediately
after the reaction completion where the used solvent was decanted
and the catalyst was removed via applying an external magnetic
field like a strong magnet. Catalyst was washed with ethanol
several times to remove any residues from the surface of the
catalyst. Then, the catalyst is ready for the next run.

3. RESULTS
3.1 Suzuki cross – coupling reaction using Graphene
supported Pd/Fe3O4.
Table 1 gives an overview of the impact of using graphene
supported Pd/ Fe3O4 as an ideal catalyst for the reaction between
bromobenzene and phenyl boronic acid could achieve complete
conversion of 100%. The reactants could easily be converted to
biphenyl within a short reaction time of 10 min at a temperature of
120 C, while less catalytic activity was recorded within 10 min, at
80, 100 and 150 C.
Figure 1-a shows the obtained TEM images of graphene
supported Pd/Fe3O4 catalyst before the reaction and after the
recycling process. TEM images reveal the nice dispersion of
palladium and iron oxide nanoparticles of size (12 - 16 nm) and
(40 - 60 nm) on the grapheme support respectively, while there

was a severe agglomeration after the catalyst ninth recycling step.
The TEM images are supporting the experimental findings of a
remarkable catalytic performance in case of graphene supported
Pd/Fe3O4 catalyst when compared with the same catalyst after the
ninth recycling step. This is mainly because of the agglomeration
as shown in Figure 1-b. It is interesting to notice the remarkable
role of graphene as an ideal support in nanoparticles formation
with a smaller particle size that has a good dispersion on the
graphene surface.
The Suzuki cross-coupling reaction was investigated as
shown in (Scheme 1). The effect of temperature on the catalytic
activity was carried out at a fixed reaction time (10 min) but for
several temperatures (80, 100, 120, 150 oC) using the synthesized
Pd- Fe3O4/GO catalysts (1 mol %). The experimental data refers to
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the great influence of temperature variation on the yield as it was
found that increasing the temperature leads toa higher conversion
to as in Table 1.

Table 3. Diversity study using Pd/ Fe3O4 and Pd- Fe3O4/G catalyst.

Table 1 The impact of using Graphene supported Pd/Fe3O4 on the
conversion percentage.
Catalysts
Pd-Fe3O4/G
Pd-Fe3O4/G
Pd-Fe3O4/G
Pd-Fe3O4/G

Mol
%
1
1
1
1

Temperature
(oC)
80 oC
100 oC
120 oC
150 oC

Time
(min.)
10
10
10
10

Conversion %
v

‹
92
100

v

‹

*

Aryl halide (0.32 mmol), aryl boronic acid (0.382 mmol, 1.2 eq.), K2CO3
(0.96 mmol, 3 eq.), and Pd-Fe3O4/G (1 mol %) in 4 mL (H2
**

Figure 1. Graphene supported Pd/Fe3O4 catalyst TEM images (a) before
reaction (b) after ninth run.

Scheme 1. Suzuki cross coupling reactions using Graphene supported
Pd/Fe3O4 catalyst.
Table 2. Suzuki cross coupling using Pd/Fe3O4 and Pd- Fe3O4/GO
catalyst.

Conversions were determined by GC–MS
Conversion was calculated using (1 mol%) Pd/Fe3O4 catalyst.
b
Conversion was calculated using (1 mol%) Pd- Fe3O4/G catalyst.
a

Figure 2 displays the X-ray diffraction pattern of palladium,
magnetite and palladium/magnetite supported on Graphene. The
previously mentioned catalyst was prepared using hydrothermal
synthesis. The XRD pattern shows fcc
in case of palladium. The XRD
patterns also confirm the presence of spinal Fe3O4 (magnetite) as
shown in Figure 2.
Characterization of graphene supported Pd-Fe3O4 samples
prepared by hydrothermal method was also investigated using
several techniques including XPS, XRD, and TEM
characterization techniques.

*

Aryl halide (0.32 mmol, 1 eq.), aryl boronic acid (0.382 mmol, 1.2 eq.),
potassium carbonate (0.96 mmol, 3 eq.), and Pd- Fe3O4/G (1 mol%) in 4
mL (H2
**
Conversions were determined by GC–MS.
a
Conversion was calculated using (1 mol%) Pd/Fe3O4 catalyst.
b
Conversion was calculated using (1 mol%) Pd- Fe3O4/G catalyst.

It is remarkable that repeating the cross-coupling reaction using
optimized conditions (10 min and 120 oC) but with replacing PdFe3O4/G catalyst with Pd/Fe3O4 nanoparticles lead to lower
conversion to the desired product. Those experimental data
confirm obviously the positive effect of graphene as an ideal
support that could efficiently minimize the agglomeration of Pd
nanoparticles and hence increase the catalyst activity. The use of
different substrates was explored in Table 2 & 3.

Figure 2. X-ray Diffraction Pattern of Pd/ Fe3O4 supported on Graphene.

The XPS technique was used to investigate the surface analysis of
the prepared catalyst as shown in Figure 3. The catalyst has a
binding energy of Fe 2P3/2 at 710.5 eV, and also another binding
energy of Fe 2P1/2 at 723.7 eV which are characteristic to the
presence of Fe3O4. The presence of Pd as Pd0 was confirmed as
the binding energies of Pd 3d5/2 at 334.8 eV, and Pd 3d3/2 were
recognized.
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b

Figure 3. (a) XPS (Fe2p) and (b) XPS (Pd3d) of Pd/ Fe3O4 supported on
Graphene.

The recycling protocol was explained as shown in Figure 4. It is
remarkable that using magnetite could significantly enhance the
process of catalyst separation from the reaction mixture as it can
be easily separated using a strong magnet.

Conversions were examined using GC–MS.

Table 4 confirms that the catalyst has an ideal performance that is
reflected in its high catalytic activity. The catalyst was recycled up
to four times with almost 100 % conversion in case of using 0.5
mol %; while it was recycled up to seven times with conversion
near 100 % when the catalyst mole percentage was doubled to be
1 mol % as shown in figure 4. The structural defects in graphene
play a crucial role in improving interaction with anchored metal
nanoparticles [32, 35, 39].
TEM images could be used as a proof of catalyst deactivation that
took place due to the agglomeration of palladium and magnetite
nanoparticles on the graphene surface as shown previously in
Figure 1-b.

Figure 4. Separating the Pd-Fe3O4/G catalyst from reaction mixture.
Table 4. Recycling experimental data for Pd-Fe3O4/G catalyst using a
concentration of 0.5, 1 mol %.a
Conversion (%)b
Conversion (%)b
Run
(0.5 mol %)
(1 mol %)
1
100
100
2
98
100
3
96
100
4
94
100
5
80
98
6
62
96
7
60
92
8
55
88
9
53
82
a
Aryl halide (50 mg), boronic acid (47 mg), potassium carbonate (133
mg.), and Pd-Fe3O4/G (0.5 mol%) or (1 mol%) in 4 mL (H2

Figure 5. Recycling experiments of Pd - Fe3O4 / G catalyst for Suzuki
cross coupling reaction.

The leaching process of palladium from prepared catalyst was
investigated by repeating the reaction in the presence of 0.5 mol%
catalyst at 150 °C for 10 min under heating using microwave
assisted synthesis technique. Hence, the resulting mixture was
filtered and then the palladium content was measured in the filtrate
and it was found to be 145 ppm based on the ICP-MS analysis.

4. CONCLUSIONS
An efficient method was adopted to generate a highly
active nanoparticle based catalyst supported on graphene as an
ideal support. The Pd-Fe3O4/G catalyst was synthesized via using
hydrothermal synthesis technique. Furthermore, the recovery and
the recycling process of the catalyst could be implemented up to
seven times with high catalytic activity near 100% thus providing
high economic viability. It can be easily concluded from

characterization that palladium nanoparticles and magnetite
nanoparticles are uniformly dispersed onto the surface of graphene
nanosheets.
This easy and efficient recycling process of the catalyst is simply
due to the magnetic properties of magnetite, thus lead to achieving
high yields over different substrates for Suzuki cross coupling
reactions.
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